Oxytocin regulates partner preference formation and alloparental behavior in the socially monogamous prairie vole (Microtus ochrogaster) by activating oxytocin receptors in the nucleus accumbens of females. Mating facilitates partner preference formation, and oxytocinimmunoreactive fibers in the nucleus accumbens have been described in prairie voles. However, there has been no direct evidence of oxytocin release in the nucleus accumbens during sociosexual interactions, and the origin of the oxytocin fibers is unknown. Here we show for the first time that extracellular concentrations of oxytocin are increased in the nucleus accumbens of female prairie vole during unrestricted interactions with a male. We further show that the distribution of oxytocinimmunoreactive fibers in the nucleus accumbens is conserved in prairie voles, mice and rats, despite remarkable species differences in oxytocin receptor binding in the region. Using a combination of site-specific and peripheral infusions of the retrograde tracer, Fluorogold, we demonstrate that the nucleus accumbens oxytocin-immunoreactive fibers likely originate from paraventricular and supraoptic hypothalamic neurons. This distribution of retrogradely labeled neurons is consistent with the hypothesis that striatal oxytocin fibers arise from collaterals of magnocellular neurons of the neurohypophysial system. If correct, this may serve to coordinate peripheral and central release of oxytocin with appropriate behavioral responses associated with reproduction, including pair bonding after mating, and maternal responsiveness following parturition and during lactation.
INTRODUCTION
Oxytocin (OT) released from the neurohypophysial system has been implicated in the regulation of reproductive physiology in mammals, including uterine contractions during parturition and milk ejection during lactation (Burbach et al., 2006) . In addition, OT released within the brain coordinates the onset of maternal responsiveness and maternal bonding at the time of parturition (Pedersen and Prange, 1979, Kendrick et al., 1987) . Recent studies in humans have also suggested that central OT modulates social cognition, including increasing interpersonal trust, eye gaze, face recognition, and the ability to infer the emotions of others based on facial cues (Kosfeld et al., 2005 , Domes et al., 2007 , Donaldson and Young, 2008 , Guastella et al., 2008 , Savaskan et al., 2008 .
Prairie voles (Microtus ochrogaster) have become an important animal model for elucidating the behavioral roles of OT and the neurobiology of affiliative behavior (Carter et al., 1995, Young and Wang, 2004) . Prairie voles are a highly affiliative rodent species characterized by a socially monogamous mating strategy and high levels of alloparental care. In the laboratory, the formation of selective pair bonds between mates can be assessed using a partner preference test in which the time spent with the partner versus a novel stimulus animal is quantified. Extended cohabitation with a male or mating facilitates the formation of partner preferences in female prairie voles (Williams et al., 1992) . Pharmacological and genetic manipulation studies have demonstrated that oxytocin receptors (OTR) in the nucleus accumbens (NAcc) play a significant role in the regulation of behaviors associated with social monogamy and alloparental care. Infusion of an OTR antagonist into the NAcc prevents mating-induced partner preferences in female prairie voles . Conversely, increasing OTR density in the NAcc using viral vector gene transfer can accelerate the formation of a partner preference (Ross et al., 2009b) . Furthermore, OTR binding density in the NAcc is positively correlated with alloparental behavior, and infusion of an OTR antagonist into the NAcc inhibits spontaneous alloparental behavior in sexually naïve female prairie voles (Olazabal and Young, 2006a) . Interestingly, non-monogamous rodent species, including meadow voles, mice and rats have very low levels of OTR binding in the NAcc, which may contribute to the species differences in social behavior Young, 2001, Burbach et al., 2006) .
Despite the evidence that OT signaling in the NAcc plays a critical role in regulating affiliative behavior in prairie voles, the presynaptic OT system in this region has not been characterized. Specifically, mating-induced OT release has not been directly demonstrated, and the morphology and source of the OT-immunoreactive fibers projecting to the NAcc has not been determined. OT is produced primarily in the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus. Large diameter magnocellular neurons in these regions form the neurohypophysial system and are thought to project primarily to the posterior pituitary (Bargmann, 1949) . Early tract tracing studies demonstrated that OT-immunoreactive fibers of the brainstem originate from the smaller diameter parvocellular OT neurons in the PVN, leading to the assumption that these neurons also project to the forebrain regions regulating behavior, providing a dissociation between the neurohypophysial and central OT systems (for review see (Landgraf and Neumann, 2004) .
In this study we examined the NAcc OT system in detail. Using microdialysis in awake, behaving female prairie voles, we measured OT release within the NAcc as a function of sociosexual interactions with a male. We then compared the distribution of OTimmunoreactive fibers in the NAcc of prairie voles, meadow voles, rats and mice to determine whether the OT innervation of the NAcc is conserved across species with diverse social behavior and OTR distributions in this area. The ultrastructural features of the OTimmunoreactive processes in the NAcc were then examined using electron microscopy. Finally, Fluorogold tract tracing was used to identify the neuronal origin of the OT projections to the NAcc. The results of these studies add significantly to our understanding of the circuitry involved in regulating affiliative behavior in female prairie voles, and provide a potential mechanism for coordinating central OT release with reproductive physiology in all mammals.
EXPERIMENTAL PROCEDURES

Animals
Prairie and meadow voles were housed in same sex groups with 2-3 voles/cage from the time of weaning at 21-23 days of age. Housing consisted of a ventilated 36×18×19cm Plexiglass cage filled with Bed-o-cobbs Laboratory Animal Bedding under a 14:10 hr light/dark cycle at 22°C with access to food (rabbit LabDiet, Richmond, IN) and water ad libitum. The prairie voles were obtained from our laboratory breeding colony that originally derived from fieldcaptured voles in Illinois. Meadow voles originated from a colony at Florida State University. For the microdialysis experiment, subjects were sexually naïve female prairie voles 70-90 days of age (30-45g).
For anatomical studies, subjects were adult (>60days old) female prairie voles. In addition, five female sexually naïve meadow voles from our breeding colony, five virgin female mice (C57BL/6J), and five virgin Sprague Dawley (Charles River) female rats were used for a species comparison. All procedures were approved by the Emory University Institutional Animal Care and Use Committee.
Hormone Treatment and Microdialysis Probe Implantation
Subjects were ovariectomized two weeks prior to probe implantation and microdialysis, and administered 1µg estradiol benzoate in peanut oil, intraperitoneally (IP), for four consecutive days prior to testing to induce receptivity. Subjects were anesthetized with isoflurane and Ushaped microdialysis probes were stereotaxically implanted unilaterally into the NAcc (nose bar −2.5mm, AP +1.8mm, ML −0.9mm, DV −4.5mm). After a one day recovery, the probe was connected to two lengths of PE20 tubing (Polymicro Tech, Phoenix, AZ). The microdialysis probes were self made as previously described, and had a molecular cut-off of 18 kDa (for details see Neumann et al., 1993; Bosch et al., 2005) . The inlet of the probe was connected to a 10-ml Hamilton syringe controlled by a CMA/100 microinfusion pump (Bioanalytical Systems, West Lafayette, IN). The outlet fed into a refrigerated collector (SciPro, Inc, Sanborn, NY) housing polyethylene tubes (Fisher Scientific, Houston, TX). A single-channel swivel and counter-balanced lever arm allowed the animals to move freely during mating. Ringer's solution was perfused through the probe via the inlet into the NAcc during the experiment at a flow rate of 1.0µl/min.
Oxytocin Collection
To determine the effects of sociosexual interactions with a male on OT release, eight consecutive 30-minute microdialysates were collected from the NAcc of estrogen-primed female prairie voles (n=26). Sample collections were divided into three phases: basal (1-4), restricted exposure (5-8), and free exposure (9-16). Basal dialysates were collected from individually housed females and served as the baseline for extracellular concentration of OT. After the basal phase, a sexually experienced male prairie vole of similar age and weight, housed in a wire mesh cage (restricted exposure phase), was introduced into the test cage. After 2 hrs the male was removed from the mesh cage and allowed to physically interact with the female (free exposure phase) for 4 h. This portion of the test was videotaped. Female subjects that did not mate during this period because they were not sexually receptive were categorized as non-mated. Following microdialysis, brains were rapidly removed, frozen on dry ice, and stored at −80°C until use. Brains were later sectioned on a cryostat into 20-µm slices mounted on Superfrost plus microscope slides (Fisher, Pittsburgh, PA). Slides were stored at −80°C. Proper placement of the probes was confirmed by cresyl violet staining.
Quantification of OT
Dialysates collected during microdialysis were stored at −80°C until analyzed for content. Samples were lyophilized and the concentration of OT in each dialysate was determined by radioimmunoassay as described previously (Neumann et al., 1993) . Cross-reactivity of the polyclonal antiserum with arginine-vasopressin and other related peptides was <0.7%. Intraand inter-assay coefficients of variation were in the 5-9% and 8-12% ranges, respectively; all dialysates to be compared were assayed in the same run. 25 µl of each dialysate was assayed and the level of detectability of the assay was 0.05pg/dialysate.
Fluorogold Infusions
Female prairie voles (n=18) were anesthetized with isoflurane and placed in a Kopf stereotaxic apparatus. Fluorogold (FG) was iontophoretically injected unilaterally into the NAcc (AP +1.7mm, ML −0.9mm, DV −4.5mm) using a glass micropipette (tip diameter 10-20 µM) filled with the retrograde tracer Fluorogold (2-4% soln. w/v in dH 2 0; Fluorochrome LLC; Denver, CO) for 15 min at 1-7 µA (50/50 duty cycle). The syringe was left in place for 5 min following infusion to minimize diffusion of tracer up the needle track. 7-14 days after injection, the animals were perfused as described below. Animals with injections that did not reach the NAcc, core or shell, contaminated the lateral ventricle, or showed no FG staining at the injection site were not included in the analysis. To control for the possibility that leakage of FG into capillaries near the injection site or into the ventricles resulted in labeling of hypothalamic neurons, we also performed control infusions consisting of an injection of 0.01 µg of FG in 500nl dH 2 O into the lateral ventricle, or 0.5 µg of FG in 50 µl dH2O injected IP. These control animals were perfused a week after injection, as described below.
In order to label neurons of the neurohypophysial OT system that send projections to the pituitary, a region in the CNS that lacks a blood-brain barrier (Merchenthaler, 1991) , 600 µg of FG (Horvath, 1998) in 75 µl dH 2 O was injected IP into female voles. Five days later, the tissue was collected as described below.
Tissue Collection for Immunohistochemistry
Animals were euthanized and perfused transcardially with 50 ml of PBS, followed by 50 ml of 4% paraformaldehyde in 0.1 M phosphate buffer containing either 0.1% glutaraldehyde for EM or 2.5% acrolein (Polysciences, Warrington, PA) for all other anatomical studies. Immediately following perfusion, the brains were removed and stored at 4°C in 30% sucrose solution until sectioned. The brains were cut into 25 µm coronal or 60 µm horizontal sections with a freezing microtome, or 60 µm coronal sections with a vibratome, and stored free-floating in cryoprotectant solution at −20°C until immunocytochemical processing.
Single labeling immunohistochemistry for OT or FG
A 1:6 series through each brain was processed for FG and/or OT for either electron (EM), light (LM), or fluorescent (FM) microscopy. Briefly, sections were removed from the cryoprotectant solution, rinsed extensively in potassium phosphate-buffered saline (KPBS; pH 7.4), and then reacted for 15 minutes in 1% sodium borohydride to remove excess aldehydes. Sections were then incubated in primary antibody solution directed against either FG or OT in KPBS containing 0.1% Triton-X for 48 hours at 4°C. Cells containing OT were identified by using a polyclonal rabbit anti-OT antibody (20068; Immunostar, Hudson, WI) (Lim et al., 2004 ) at a concentration of 1:1000 for EM, 1:70,000 for LM and 1:10,000 for FM. Cells containing FG were identified by using the polyclonal rabbit anti-Fluoro-Gold antibody (AB153;Chemicon, Temecula, CA) at a concentration of 1:5000. After primary antibody incubation, the tissue was rinsed in KPBS, incubated for 1 hour in biotinylated goat anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA) at a concentration of 1:600 for LM and 1:5000 for FM, and rinsed in KPBS, followed by a 1-hour incubation in avidin-biotin peroxidase complex (Vector, Burlingame, CA, ABC Elite Kit PK-6100) at a concentration of 1:100 for LM and 1:450 for FM. At this point, single labeled tissue for LM was rinsed in either 1) KPBS and sodium acetate (0.175 M; pH 6.5), and visualized as a black reaction product by using nickel sulfate-intensified 3,3′-diaminobenzidine solution containing 0.08% hydrogen peroxide in sodium acetate buffer, or 2) KPBS and Tris buffer (pH 7.2), and visualized as a brown reaction product by using 3,3′diaminobenzidine (DAB) containing 0.08% hydrogen peroxide in Tris buffer (pH 7.2). The reaction product was terminated after approximately 20 minutes by rinsing in sodium acetate buffer or Tris buffer, respectively. Double labeled tissue for FM continued to be processed as described below.
Double Label Tyramine Amplification Protocol
After rinsing FG-labeled tissue out of the ABC solution (see above), the tissue was incubated in biotin-tyramine (BT) solution (5ul BT/ml KPBS) for 20 minutes, rinsed in KPBS, incubated with Texas Red-streptavidin (T02,Biomeda, Foster City,CA) or stretavidin Alexa Fluor 350 (S11249; Invitrogen) in heated KPBS containing 0.4% Triton-X-100 for 3 hours at 37°C at a concentration of 1:200. Slides were then rinsed in KPBS, incubated overnight in anti-OT antibody solution in KPBS containing 0.1% Triton-X-100 and normal goat serum (Jackson Immunoresearch, West Grove, PA) (1:100) at room temperature, rinsed in KPBS, incubated in Cy2 conjugated goat anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA) (1:50) and normal goat serum (1:100) for 2.5 hours, and then rinsed in KPBS. All sections were mounted out of saline onto gelatin-subbed slides, air-dried overnight, dehydrated in a series of graded alcohols, cleared in Xylene, and coverslipped using Krystalon (EMD Chemicals, Gibbstown, NJ). The tyramine amplification method allows for the use of primary antibodies raised in the same species to be used for double labeling immunohistochemistry without cross-reactivity (Shindler and Roth, 1996, Guidetti et al., 2007) .
Single Pre-embedding Immunoperoxidase Labeling for EM
Following sodium borohydride treatment (see above), sections were placed in a cryoprotectant solution (phostphate buffer (PB) 0.05M, pH 7.4, 25% sucrose, and 10% glycerol) for 20 minutes, frozen at −80°C for 20 minutes, returned to a decreasing gradient of cryoprotectant solutions, and rinsed in PBS. Sections were then incubated in primary and secondary antibody solutions identical to those used for LM (see above), except for the omission of Triton X-100.
After the DAB reaction, the tissue was rinsed in PB (0.1M, pH 7.4) and treated with 1% OsO 4 for 20 minutes. It was then returned to PB and dehydrated with increasing concentrations of ethanol. When exposed to 70% ETOH, 1% uranyl acetate was added to the solution for 35 minutes to increase the contrast of the tissue at the electron microscope. Following dehydration, sections were treated with propylene oxide and embedded in epoxy resin for 12 hours (Durcupan ACM, Fluka, Buchs, Switzerland), mounted onto slides and placed in a 60°C oven for 48 hours. Separate samples of the NAcc were cut out of the larger sections, mounted onto resin blocks and cut into 60 nm sections using an ultramicrotome (Leica Ultracut T2). The 60 nm sections were collected on Pioloform-coated copper grids, stained with lead citrate for 5 minutes to enhance tissue contrast and examined on the Zeiss EM-10C electron microscope.
Electron micrographs were taken with a CCD camera (DualView 300W; Gatan, Inc., Pleasanton, CA) controlled by DigitalMicrograph software (Gatan, Inc.).
Semi-Quantitative Analysis of Accumbal Oxytocin Fibers Across Species
The density of OT-immunoreactive fibers was semi-quantitatively compared across four species: prairie vole, meadow vole, rat and mouse. Subjects in this study were all sexually naïve adult females (N=5 females/species). Prairie and meadow voles display induced estrus, and were therefore reproductively quiescent. We did not control for the estrus cycle in the rats or mice. All tissue in this study was processed in a single assay. Three sections through the NAcc were bilaterally analyzed for OT fiber density using the AIS 6.0 image analysis system (MCID, Canada). Images were captured using a 10x objective and the threshold was adjusted to distinguish immunoreactive elements from the background. The percentage of total field pixels covered by immunoreactive elements was calculated by the software. Data from all measurements in a single animal were averaged to yield a single data point per animal.
Quantification of Retrograde Labeling
The number of FG+, OT+, and FG+OT+ cells were manually counted in each section throughout the extent of the PVN using fluorescent microscopy. Quantification was only performed on the subset of animals displaying double-labeled FG+OT+ cells. Cells were considered FG+_only if the cell body contained clear fluorescent punta.
Statistical Analysis
The level of detectability for OT was 0.05pg/dialysate. As most samples were below the level of detectability for OT we used a binary categorization-detectable or non-detectable-for each dialysate. Fisher's exact test was used to compare the frequency of detectable OT between phases and groups. A Kruskal-Wallis One Way Analysis of Variance on Ranks was used to determine whether fiber density in the NAcc (expressed as proportional area) varied across species. Data are presented as mean ± standard error of the mean (SEM).
RESULTS
OT Release During Sociosexual Interactions
In vivo microdialysis was performed in female prairie voles at baseline, during a restricted exposure when the male was confined to a wire cage, and during free exposure when mating could occur. OT concentrations in the dialysates were below the level of detectability in the majority of samples. Therefore, samples were categorized as being detectable (> 0.05 pg/25 µl sample) or non-detectable (< 0.05 pg/25 µl sample) and analyzed using the non-parametric Fisher's exact test. None of the animals produced microdialysate samples with detectable OT during the basal phase. Overall, the number of animals producing microdialysate with detectable OT was greater during the free exposure phase compared to the restricted exposure phase (Fisher's exact test p = 0.05; Figure 1 ). Furthermore, when the group was split based on whether mating occurred in the free exposure phase, the number of animals having detectable OT was greater in the free exposure phase than in the restricted exposure phase for those animals that mated (N=13, Fisher's exact test, P = 0.039; Figure 1 ), but this was not the case for the group of animals who failed to copulate during the free exposure phase (N=13, Fisher's exact test, p = > 0.5; Figure 1 ). However, there was no statistical difference between the number of animals showing detectable OT during the free exposure phase between the groups that mated vs those that did not mated (Fisher's exact test, p = 0.38; Figure 1 ). It should be noted that animals that mated received multiple intromissions throughout the free exposure phase, while the animals that did not mate received attempted mounts from the males.
Species Comparisons of OT Immunoreactivity in the NAcc
The distribution of OTR in the NAcc is highly species specific, with prairie voles having high densities of OTR, rats having intermediate densities of OTR, and mice and meadow voles having little or no OTR (Burbach et al., 2006, Ross and Young, 2009) . By contrast, OT peptide expression is highly conserved across these species. We examined OT fiber-immunoreactivity in the NAcc of prairie voles, meadow voles, mice and rats. The distribution of OTimmunoreactive fibers was qualitatively similar across species, with sparse fibers in the anterior NAcc, primarily in the shell, which in more caudal regions become denser at the ventral pallidum and diagonal band (Figure 2) . A semiquantitative analysis of the density of OTimmunoreactive fibers in the NAcc revealed no statistically significant difference in the proportion of area covered by OT immunoreactive fibers across species (prairie vole: 3.3 ± 0.47%, meadow vole: 4.2 ± 0.69%, mouse: 3.0 ± 0.13%, rat: 3.0% ± 0.40%) (H=3.50, p > 0.05).
Morphological Characteristics of NAcc OT Processes
Electron microscopy was used to characterize the ultrastructure of the OT-immunoreactive processes in the NAcc. Two major types of OT-immunoreactive elements were found in NAcc:
(1) Large caliber unmyelinated structures filled with OT-immunoreactive dense core vesicles that do not form clear synaptic contacts but are often apposed to dendrites of striatal neurons ( Figure 3A,B) . (2) Vesicle-filled synaptic terminals that form clear asymmetric synapses most commonly with spine heads and less frequently with dendritic shafts of striatal neurons ( Figure  3C,D) . The latter type of terminals displayed ultrastructural features of glutamatergic boutons and were most often devoid of OT-immunoreactive dense core vesicles. Random analysis of all labeled structures seen in this material revealed that the non-synaptic dense core vesicle filled structures accounted for 73% (32 out of 44) of total labeled elements examined, whereas OT-positive terminals represented only 23% (12 out of 44) of total labeled structures. Of these 12 OT-positive terminals, 83% (10 out of 12) formed asymmetric synaptic contact with spines, while 17% (2 out of 12) were in contact with dendritic shafts.
Visualization of OT Fiber Projections in Horizontal Sections
To delineate the course of OT-immunoreative fibers to the NAcc, horizontal sections through the NAcc and PVN were stained for OT. Figure 4 illustrates that the OT-immunoreactive fibers traversing toward the NAcc often emerge from, and are indistinguishable from, the dense hypothalamic fiber tracts of the neurohypophysial system. Some of these fibers seem to deviate from the other fibers and travel rostrally towards the striatum. This view also illustrates the diffuse pattern of OT-immunoreactive throughout the forebrain and striatum.
Identification of the OT Neurons Projecting to the NAcc
The retrograde tracer FG was used to determine the origin of OT neurons that project to the NAcc. The FG infusions targeted the shell of the NAcc; the same region of the microdialysis probe placement, and the location of the OT-immunoreactive fibers. Examination of the FG injection halo by immunohistochemistry revealed that 11 of the 18 animals had FG halos in the shell and included portions of the medial core of the NAcc. The FG halo of two of these animals also included the medial and dorsal core, and one included the shell only. An additional animal had an injection that included the shell and portions of the lateral septum and was therefore removed from analysis. Thus 10 animals had FG injection sites that met the inclusion criteria ( Figure 5A ). One of the strongest projections to the NAcc originated from the midline thalamic cell groups, including the reuniens nucleus, xiphoid nucleus, parataenial nucleus, and medial dorsal nucleus ( Figure 5B ). Other FG-labeled areas included the prelimbic cortex, ventral pallidum, lateral septum, anterior amygdala, and ventral tegmental area. FG labeling in these areas was consistent across all of the animals. In addition, double labeled (FG-positive and OT-positive) cells were present in the PVN (Figure 5C,D) and, to a lesser extent, in the SON (Figure 5E ,F). A 1:6 series yielded 3-5 double labeled cells in the PVN of 6 of the 10 females, while two animals had a single SON double-labeled soma. Counts through the PVN of these animals showed there was an average of 20.5 FG cells and 433.8 OT cells in the 1:6 series. In addition, 23% of FG cells contained OT, while 0.7% of OT cells contained FG. Since projections from the PVN and SON to the NAcc have not been previously reported, control injections into the lateral ventricles and periphery were performed that used similar amounts of FG to what was injected into the NAcc. The peripheral IP infusion (0.5 µg/vole) was performed because FG in the bloodstream is taken up by hypothalamic terminals in the pituitary. No FG-labeled neurons were detected in the PVN or SON of any of the control animals. This suggests that the double-labeled neurons in the NAcc-infused brains represent bona fide projections from these nuclei to the NAcc.
Organization of the Pituitary Projecting OT System
Peripherally injected retrograde tracer can be taken up by cells that have terminals outside the blood brain barrier, including the magnocellular neurons projecting to the posterior pituitary and the parvocellular neurons projecting to the median eminence. Thus, OT cells labeled with FG following a peripheral injection represent magnocellular neurons of the neurohypophysial system as well as potentially parvocellular neurons that project to the median eminence (Silverman et al., 1990) . Following an IP injection of 600 µg of FG, all SON OT neurons were FG-immunoreactive. Most (∼96%) of the OT neurons in the anterior and middle extent of PVN were also FG positive (Figure 6 A-K). However, a cluster of non-FG labeled OT neurons was observed in the dorsal part of the posterior PVN ( Figure 6C ,F,I,L), and isolated non-FG neurons were scattered throughout the extent of PVN.
DISCUSSION
OT modulates a wide range of social behaviors, including maternal nurturing and bonding, sexual behavior, and social attachment. In humans, intranasal OT enhances interpersonal trust, eye gaze, recognition of familiar faces, and the ability to infer the emotions of others (Kosfeld et al., 2005 , Domes et al., 2007 , Guastella et al., 2008 , Savaskan et al., 2008 . Yet remarkably little is known about the origins of neurons that modulate these behaviors. In prairie voles, pharmacological and genetic manipulation studies have suggested that OTRs in the NAcc are involved in regulating spontaneous maternal behavior and partner preference formation (Young et al., 2001, Olazabal and Young, 2006a, Ross et al.) . Here we provide the first demonstration that extracellular OT concentrations in the NAcc increase during sociosexual interactions with a male. In this study, despite using the highest sensitivity of radioimmunoassay, basal levels of OT were undetectable due to the low recovery rate of OT through the microdialysis tubing (∼2%) (Neumann et al., 1993) and the low density of OT fibers within the NAcc Therefore, it is important to note that we cannot conclude that the NAcc is devoid of extracellular OT under basal conditions or following exposure to a male without mating. Rather, the concentrations were simply below the level of detection. However, the fact that 38.5% of the females that mated produced microdialysates with measurable OT provides evidence that OT is released from the OT-immunoreactive processes coursing through the NAcc during free interactions with a male that includes mating We also cannot conclude that mating is the stimulus that triggers OT release from our studies, although vaginocervical stimulation has been shown to result in increased central OT release in rats (Sansone et al., 2002) . Indeed 2 of the 13 females that did not receive an intromission because they were not sexually receptive produced microdialysis samples with measurable OT, but this failed to be statistically different from baseline. It is plausible that social interaction, including mounting attempts, also results in OT release, albeit to a lesser extent than what occurs with mating. This would be consistent with the observation that female prairie voles can form partner preferences following cohabitation with a male without mating, although this requires longer time periods (Williams et al., 1992) . Indeed, OT release within the PVN has been reported in male rats during restricted exposure to a female (Waldherr and Neumann, 2007) . However, it is important to note that when we separately analyzed the OT samples from the females that mated during the free exposure and those that did not mate, only the group of females that mated produced a statistically significant increase in the number of animals with detectable OT compared to the restricted exposure.
An increase in central extracellular OT following mating is consistent with studies in sheep and rats, that demonstrate that vaginocervical stimulation results in central OT release (Kendrick et al., 1986 , Sansone et al., 2002 . Vaginocervical stimulation occurs naturally during parturition and mating. The OT released during parturition likely plays a role in the onset of maternal behavior (Pedersen and Prange, 1979, Kendrick et al., 1991) , while OT released during mating, at least in prairie voles, facilitates the formation of a pair bond. A recent study also reported that OT is released in the hypothalamus of male rats following mating (Waldherr and Neumann, 2007) . The role of OT in facilitating partner preference in male prairie voles is not clear, as one study found that OT or OT antagonist administered ICV did not effect partner preference formation (Winslow et al., 1993) ; while another lab found central OT infusion in males did facilitate partner preference formation (Cho et al., 1999) . In humans, OT has been reported to increase in the plasma during sexual arousal and ejaculation or orgasm, although changes in central OT concentrations have not been examined (Carmichael et al., 1987) .
The low levels of OT in the microdialysate raises the question of whether the concentration of OT in the extracellular space is physiologically significant. Assuming a 2% recovery rate for OT in the microdialysate, samples with OT content of 0.05 pg/25 µl dialysate would be recovered if the extracellular concentration of OT was 100 pg/ml, or ∼0.1 nM, which is near the IC50 of OT for the OTR of 0.28 nM (Kimura et al., 1997) . Thus it is likely that OT concentrations in the NAcc reach physiologically significant levels during sociosexual interactions in female prairie voles.Our results also illustrate the remarkable evolutionary conservation of OT innervation in the ventral striatum despite marked species differences in receptor distribution. Prairie voles have high densities of OTR in the NAcc, while meadow voles and mice are virtually devoid of receptors in this region Shapiro, 1992, Olazabal and Young, 2006b) . We expected to find similar species differences in OT fibers in the NAcc. However, each species displayed a semiquantitatively similar diffuse pattern of OTimmunoreactive fibers in the NAcc. A recent report described similar OT-immunoreactive fibers in the NAcc of the eusocial naked-mole rat (Rosen et al., 2008) . The contrast between the conservation of distribution of peptide and receptor suggests that diversity in receptor distribution, and not OT projections, drives the evolution of central OT function. As can be seen in the horizontal slice, OT fibers penetrate diffusely through the forebrain rather than traveling in discrete tracts targeting specific regions, potentially providing a source of OT to diffuse forebrain areas with OT receptors. This is consistent with the observation that OT released from fibers can diffuse to target regions, in a paracrine fashion (Ludwig and Leng, 2006) . It should be noted, however, that we did not control for the estrous cycle in the rats or mice, and variation in OT content in these fibers could occur over the estrous cycle.
The electron microscopic analysis revealed that the majority of OT-immunoreactive elements in the NAcc are large diameter (∼200nm), unmyelinated processes packed with dense core vesicles. OT-immunoreactive elements containing asymmetric synapses were also clearly present. Interestingly, these synapses were largely devoid of OT-containing dense core vesicles, but instead contained smaller synaptic vesicles. Hypothalamic OT neurons exhibit somatic and dendritic release of dense core vesicles (Pow and Morris, 1989 , Landgraf and Neumann, 2004 , Ludwig and Leng, 2006 . Based on these ultrastructural observations, we hypothesize that OT may be released from these en passant processes in a mechanism similar to somato-dendritic release in the hypothalamus (Pow and Morris, 1989) . Magnocellular OT neurons express vesicular glutamate transporter, suggesting that they are glutamatergic (Ponzio et al., 2006) , and have unmyelinated axons (Swanson and Sawchenko, 1983) . Likewise, the asymmetric specialization of the synapses seen on OT-immunoreactive terminals in the NAcc of prairie voles is indicative of glutamatergic neurotransmission. It should be noted that we could not definitively demonstrate that the OT-containing elements were axons or extended dendrites. However, the presence of synapses associated with some terminals suggests that at least some fibers are axonal projections.
The results from the retrograde tract tracing studies are most consistent with the hypothesis that NAcc OT fibers originate from the PVN and SON. This result was surprising since neither of these regions have been reported as being labeled following injection of retrograde tracers into the rat NAcc (Phillipson and Griffiths, 1985, Brog et al., 1993) . Initially we hypothesized that FG leaking into the capillary system or into the ventricles may have been producing false positive FG-labeled cells. However, our control infusions of similar amounts of FG directly into the lateral ventricle or IP did not result in detectable FG labeling in the PVN or SON. The double-labeled neurons that were identified were strongly labeled while surrounding PVN and SON neurons were not labeled, which also argues against leakage of the FG into the bloodstream. We suspect that the low density of the OT projections in the NAcc and the sparseness of OT-containing axon terminals, the main sites of FG uptake (Ju et al., 1989) , limited considerably the amount of tracer being taken up by the OT projection system. Consequently, only a few retrogradely labeled PVN or SON neurons were detected in 6 out of 10 animals with FG injections into the NAcc. This phenomenon has also been seen on other neuronal systems which led to controversy regarding the degree of axonal collateralization of the striatofugal system to both segments of the globus pallidus (see (Parent et al., 2000) for review). We suspect that the sparseness of OT-containing axon terminals actually resulted in an underrepresentation of the OT neurons that project to the NAcc as determined by FG uptake. However, although the number of double-labeled OT neurons was small, they were only seen in the hypothalamic brain areas of the PVN and SON. This finding is consistent with lesion studies that found a loss of OT-immunoreactive fibers after PVN or SON ablation Buijs, 1983, Hawthorn et al., 1985) . In addition, it has been estimated that release of a single dense core vesicle contains enough OT to activate it OT receptors in the local vicinity (Leng and Ludwig, 2008) . In summary, while the number of OT neurons that were labeled with FG was low, this may be an under estimation. Furthermore, given the high concentrations of OT in each dense core vesicle, the density of OT fibers in the NAcc is likely sufficient to release physiologically significant amounts of OT into this region. affect social behavior.
Early retrograde tracing studies examining the OT projections of the hindbrain and brainstem indicated that those projections arise from parvocellular OT neurons in the PVN (Ono et al., 1978, Swanson and Sawchenko, 1983) . This has led to the extrapolation by many in the field that forebrain OT projections arise from the parvocellular PVN neurons, while the magnocellular neurons of the PVN and SON project exclusively to the posterior pituitary. Our results bring that assumption into question. First, all SON neurons are magnocellular (Swanson and Sawchenko, 1983 ), yet a few SON neurons were clearly FG-positive following infusion into the NAcc. In addition, within the PVN of prairie voles, non-pituitary projecting OT neurons were clustered in the dorsal posterior region. These neurons may be giving rise to the hindbrain and brainstem OT system. However, FG-positive OT neurons were not found in this population, but were most often found in the anterior PVN close to the third ventricle, an area predominated by neurohyophyseal neurons. In prairie voles, OT soma are also found in the medial preoptic area, median preoptic nucleus, bed nucleus of the stria terminalis, and lateral hypothalamic area (Wang et al., 1996) . However, we did not detect any FG-labeled OT neurons in these regions. The large caliber, and unmyelinated nature of the NAcc OT fibers is also consistent with magnocellular origin (Harris et al., 1969) , however it should be noted that parvocellular neuronal axons are often also unmyelinated (van Leeuwen et al., 1978) . In the horizontal slices, the OT fibers coursing toward the NAcc appear to emerge from the axonal projections of the neurohypophyseal system. Given the low detection rate of double-labeled OT neurons, future studies using alternative techniques, are needed before definitive conclusions are drawn regarding the origin of the OT fibers in the NAcc.
While not examined in the present study, we hypothesize that the NAcc OT fibers may be from collaterals of the magnocellular neurohypophysial OT neurons. In the mouse, a minority of PVN magnocellular neurons produce collaterals around the level of the fornix that turn anteriorly and become perpendicular to the section, exactly as would be expected if going to the NAcc (Hatton et al., 1985) . If the prairie accumbal OT fibers are indeed collaterals of magnocellular hypothalamic neurons, this would provide a direct mechanism for coordination of central release deep in the forebrain with peripheral release under the appropriate physiological conditions, such as vaginocervical stimulation during mating or parturition, or sensory stimulation during suckling. Indeed, it is possible that extracelluar OT in the NAcc reflects a combination of somatodendritic release within both the PVN and SON that diffuses to the NAcc, and en passant or terminal release from OT fibers located in the NAcc and originating from PVN and SON. These multiple modes of central release of OT may explain high temporal and spatial resolution and a theoretically unlimited variability in OT signaling modes (Landgraf and Neumann, 2004) . While central and peripheral release patterns may be coordinated to trigger synergistic effects, local release independent of peripheral secretion may also be possible (Neumann et al., 1993 , Landgraf and Neumann, 2004 , Ludwig and Leng, 2006 .
The present study provides the most complete characterization of the OT system involved in regulating affiliative behavior to date. We demonstrate that extracellular OT concentrations in the NAcc increase with sociosexual interactions with a male in the female prairie vole. OTR antagonist infused in this region block mating-induced partner preference formation as well as alloparental behavior (Young et al., 2001, Olazabal and Young, 2006a) . This OT projection pattern is not an oddity of the monogamous prairie vole, but represents an evolutionary conserved forebrain projection. The ultrastructure and the diffuse nature of the projections are consistent with a paracrine, neuromodulatory function of forebrain OT. Finally, if these projections are indeed collaterals of magnocellular OT neurons of the neurohypophysial system, they provide a mechanism of coordination of peripheral physiology and behavior necessary for reproductive success. In vivo microdialysis to detect extracellular oxytocin (OT) as a function of social exposure and mating. Four 30-min samples were collected and analyzed for each phase. The graph illustrates the percentage of animals yielding microdialysates in each phase with detectable OT concentrations. Under basal conditions (B) OT concentrations were below the level of detectability (<0.05 pg/sample) in all samples. Detectable OT was observed significantly more frequently during the free exposure (FE) phase compared to during the restricted exposure (RE) phase when the male was housed in a wire cage (* = Fisher's exact test, P = 0.05). In addition, detectable OT was observed significantly more frequently during the FE phase in females that mated (M) compared to during the RE (** = Fisher's exact test, P = 0.039). In the group of females that failed to mate (NM) during the free exposure phase, the percentage with detectable OT during that phase was not significantly different from the restricted exposure phase (Fisher's exact test, P > 0.05). There was no significant difference in the number of females that mated vs unmated during the FE phase (Fisher's exact test, P > 0.05).
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Figure 2.
Species comparison of OT immunoreactive fibers in coronal sections of the nucleus accumbens (NAcc). Prairie voles (A), meadow voles (B), mice (C) and rats (D) all displayed a comparable pattern of distribution and relative density of OT-immunoreactive fibers in the NAcc. Scale bar = 500 µm (valid for A-D). ac = anterior commisure, PVN = paraventricular nucleus. Electron micrographs of OT-immunoreactive elements on the nucleus accumbens. (A and B) show strongly labeled profiles that contains darkly stained dense core vesicles (DCV). These elements did not form clear synaptic contact in the planes of sections examined. (C and D) illustrate examples of OT-immunoreactive terminal boutons (Te) forming asymmetric synapses with a spine (sp) and a dendritic shaft (Den). An unlabeled terminal forming an asymmetric axo-spinous synapse is shown in D. Scale bar in A valid for B-D. Light micrograph of oxytocin-immunoreactive fibers in the paraventricular nucleus of the hypothalamus (PVN) and nucleus accumbens (NAcc) of the prairie vole from a horizontal section. Black line delineates the boundary of the striatum as determined by a marker for KChIP2. Note the diffuse pattern of immunoreactive fibers coursing toward the striatum. A few fibers deviate from the neurohypophysial pathway of the PVN and project toward the striatum. Scale bar = 100 µm. ac = anterior commisure, f = fornix. Organization of the neurohypophysial system of the paraventricular nucleus of the hypothalamus (PVN). Prairie voles were injected intraperitoneally with FG and brain sections were processed for FG and OT immunoreactivity. OT immunoreactivity in the anterior (A) middle (B) and posterior (C) regions of the PVN as revealed with the immunoperoxidase method. D-F) Micrographs of immunofluorescent (Texas Red-labeled) OT-containing neurons in sections of the hypothalamus representative of those shown in A-C. G-I) FGlabeled cells labeled with Alexa Fluor 350 in the same sections shown as in D-F. J-I) Overlay of OT and FG labeling in D-I. Notice that the majority of cells in the anterior and middle levels of the PVN are labeled for both OT and FG, suggesting that they are magnocellular neurohypophysial neurons. Notice the two populations of cells in F, a small dorsal and a larger ventral group. The dorsal cluster does not have FG immunoreactivity suggesting that these are the parvocellular OT cells that project to the hindbrain and spinal cord. Scale bar in C = 200 µm (valid for A-B); bar in L = 100 µm (valid for D-K). 3V = third ventricle.
